Energy homeostasis involves a complex network of hypothalamic and extra-hypothalamic neurons that transduce hormonal, nutrient and neuronal signals into responses that ultimately match caloric intake to energy expenditure and thereby promote stability of body fat stores. Growing evidence suggests that rather than reflecting a failure to regulate caloric intake, common forms of obesity involve fundamental changes to this homeostatic system that favor the defense of an elevated level of body adiposity. This article reviews emerging evidence that during high-fat feeding, obesity pathogenesis involves fundamental alteration of hypothalamic systems that regulate food intake and energy expenditure.
Introduction
Obesity affects more than 300 million humans worldwide and projections for the next 20 years predict a global prevalence of up to 20%, amounting to more than one billion obese individuals by the year 2030 (ref. 1). As a major risk factor for diabetes mellitus, hypertension, dyslipidemia, arteriosclerosis, as well as joint and skeletal deterioration, respiratory failure, and certain types of cancer, 2-5 the burden of disease posed by the looming obesity epidemic is staggering. Unfortunately, lifestyle or behavioral interventions designed to correct nutritional overload and increase physical activity have yet to halt or even slow the increase of obesity prevalence. Similarly, the few drugs currently approved for obesity treatment are limited by both side effects and lack of efficacy, [6] [7] [8] and although bariatric surgery can achieve substantial reduction of body weight and improve metabolic control, it is an invasive and costly intervention that is not uniformly effective and realistically can be offered to only a tiny fraction of those affected. 6, 9 The highly integrated and redundant nature of neurocircuits involved in energy homeostasis offers important insight into the question of why common forms of obesity have proven so difficult to treat. Energy homeostasis is the biological process that promotes stability in the amount of body energy stored as fat, and weight loss triggers robust activation of this homeostatic system in obese as well as in lean individuals. This response in turn limits the capacity to sustain voluntary weight loss and explains why non-surgical interventions typically cannot sustain weight loss of 5-7%Fan amount that activates compensatory responses that limit further weight loss and favor recovery of lost weight. Stated differently, obesity arises not simply via passive accumulation of excess calories as fat but involves an upward re-setting of the biologically defended level of body fat.
In light of these considerations, it is evident that an improved understanding of how obesity occurs in the context of a homeostatic regulatory system is crucial to the development of more effective and safer therapeutic options. Here, we highlight recent findings from rodent models of obesity induced by high-fat (HF) feeding that offer insight into how the hypothalamus is affected byFand contributes toFcommon forms of obesity. Although our focus is directed to the hypothalamus, our intent is not to diminish the crucial role that brain regions other than the hypothalamus have in energy homeostasis. The integrative function of the hindbrain, for example, provides connectivity between gut, hormonal and nutrient signals, and the interested reader is referred elsewhere for reviews on this topic. 10, 11 Yet obesity pathogenesis is tied more closely to neuronal systems in the hypothalamus than other brain areas, which offers a compelling rationale for the focus of this review.
Hypothalamic control of feeding and thermogenesis: early studies
Hypothalamic lesioning studies undertaken between the late 1930s and the early 1960s [12] [13] [14] offered the first evidence of a role for the brain in body weight control and the pathogenesis of obesity and diabetes. 15 On the basis of these and subsequent studies, the lateral and ventromedial hypothalamic nuclei were identified as potentially important brain areas controlling food intake and energy expenditure. 16 One limitation of a lesion-based approach is that results can be misleading if the brain area targeted contains neurons with opposing effects on energy balance. Such is the case for the hypothalamic arcuate nucleus, which contains key neuronal subsets for both increasing and decreasing food intake and weight gain. Consequently, lesion of this brain area has a rather unremarkable impact on these parameters, 17 despite the predominant role that neurons in this brain area were subsequently shown to have in energy homeostasis. Based in part on evidence that manipulation of specific areas of the hypothalamus can reliably alter feeding behavior, energy metabolism and body mass, two major theories emerged in the 1950s to explain the physiology of this system. According to Kennedy, 18 energy stored in adipose tissue is communicated to the hypothalamus through circulating signals that ultimately serve to adjust food intake in response to variation in energy depot size. On the other hand, Mayer 19 proposed that variation in plasma or tissue glucose concentrations is a key signal informing the central nervous system (CNS) about energy availability. These two hypotheses were subsequently termed the 'adipostatic' and 'glucostatic' models of energy homeostasis. Although there is little question that reduced glucose availability constitutes a potent stimulus to food intake, the glucostatic theory of Mayer cannot reliably explain adjustments of feeding behavior that occur in the absence of hypoglycemia and promote stability of body fat stores in normal animals. By comparison, the adipostat theory received compelling early support from parabiosis experiments, in which two animals are physically joined to one another such that they share a common circulation. The first of these was published by Hervey 20 and showed that when rats previously made obese by hypothalamic lesion were parabiosed to lean control rats, the latter (but not the former) ate less and lost weight. This finding was interpreted as evidence that rats with hypothalamic obesity have high levels of a circulating factor capable of reducing intake and body weight in normal animals (presumably, the hypothalamic lesion interferes with the capacity to respond to the signal). Coleman 21 subsequently demonstrated that parabiosis of lean mice to ob/ob mice, a model of monogenic obesity, reduced food intake and body mass in the obese mice, but not the lean controls. Thus, Coleman 21 hypothesized that ob/ob mice are obese because they lack a circulating anorexic factor that is present in normal animals. When db/db mice were parabiosed to lean mice, by comparison, the lean mice ate less and lost weight, whereas the mutant animals were unaffected, suggesting that db/db mice produce, but cannot respond to, the same circulating anorexic factor. Confirmation of this hypothesis came 21 years later, with the demonstration that the ob locus encodes the adipocyte hormone leptin, whereas the leptin receptor is encoded by the db locus.
Insulin comes on the scene
Meanwhile, the demonstration that plasma insulin enters the brain and acts centrally to reduce food intake and body weight, and that insulin receptors are concentrated in CNS areas involved in the control of food intake, suggested that circulating insulin acts in the brain as an adiposity negativefeedback signal. 22, 23 Consistent with this hypothesis, insulin secretion from the endocrine pancreas is regulated by feeding and its blood levels vary in direct proportion to body adiposity. Insulin also crosses the blood-brain barrier to enter the brain, and insulin receptors are concentrated in hypothalamic areas implicated in energy balance regulation. Moreover, insulin inhibits food intake following direct administration into the hypothalamus or adjacent third ventricle, 24 whereas neuron-specific deletion of insulin receptors induces a modest increase of body fat mass. 25 During the 1980s and early 1990's, a number of studies explored the role of insulin in the control of feeding and adiposity, including the demonstration of an inhibitory effect of this hormone on neuronal firing in a hypothalamic slice preparation, 26 the existence of a transport system for systemic insulin to reach the brain 27, 28 and that insulin in the cerebrospinal fluid gains access to the hypothalamus, 29 and that kinetic analysis of insulin uptake from plasma to the cerebrospinal fluid established the existence of a saturable transport mechanism for brain insulin delivery in vivo.
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Brain insulin action also influences autonomic function in a variety of ways. For example, injection of insulin directly into the lateral hypothalamus stimulates parasympathetic outflow to the pancreas, while injection of insulin in the ventromedial hypothalamus has the opposite effect. 31 More recent studies suggest that by increasing hepatic vagal outflow, insulin signaling in the arcuate nucleus enhances liver insulin sensitivity and in turn lowers hepatic glucose production. 32, 33 A thermogenic action of insulin was also reported following hypothalamic injection, an effect accompanied by increased firing of sympathetic nerves innervating brown adipose tissue, 34 and recent work has begun to clarify the hypothalamic neuronal subsets and signal-transduction mechanisms underlying this effect. 35 A major and persisting source of confusion surrounding the hypothesis that insulin action in the brain reduces food intake and body weight while also lowering hepatic glucose production and increasing thermogenesis stems Hypothalamic inflammation in obesity LA Velloso and MW Schwartz from evidence that following systemic insulin administration, the subsequent fall in glucose levels potently increases food intake 36, 37 while also increasing liver glucose production and reducing sympathetically driven thermogenesis. Thus, insulin-induced hypoglycemia potently overrides virtually all of insulin's central effects, an observation that for many years has confounded research in this field.
The physiological importance of insulin as an adiposity negative-feedback signal remains uncertain, and available data suggest that of the two, leptin has the predominant role. Noteworthy in this context is that the anorexigenic action of insulin is not observed uniformly across laboratories. 38 Interestingly, this action appears to be boosted by the simultaneous action of leptin, 39 suggesting neuronal cross-talk involving these two hormonal systems (discussed below).
The identification of leptin
The hypothesis forwarded by Coleman in the early 1970s was confirmed in 1994 by the identification of leptin through positional cloning of the ob gene locus, 40 followed shortly thereafter by cloning of the leptin receptor. 41 Leptin is produced primarily in adipose tissue and circulates at levels directly proportional to whole-body adiposity. 40 Upon entering the hypothalamus, leptin binds to and activates its cognate receptor, LepR, mediating leptin action on multiple parameters of brain function ranging from neuronal firing rate and neurotransmitter/neuropeptide production and release to effects on feeding, thermogenesis, reproductive and other aspects of neuroendocrine function, as well as metabolic regulation. 41, 42 The importance of this hormone in physiological control of energy balance was firmly established by the findings that (1) ob/ob mice are leptin-deficient owing to mutation of the leptin gene, 40 whereas db/db mice are autosomal recessive for mutation of LepR, and (2) the obese phenotype of ob/ob, but not db/db, mice is reversed by leptin replacement. Importantly, genetic leptin deficiency also causes severe obesity in humans that is remedied by leptin replacement therapy. 43 The LepR is a type 1 cytokine receptor that, upon ligand binding, induces the tyrosine kinase catalytic activity of an associated enzyme, Janus kinase 2 (JAK2), resulting in the activation of a number of downstream proteins involved in the transduction of the leptin signal. The first step of LepR signaling involves JAK2-mediated tyrosine phosphorylation of residues 985, 1077 and 1138 in the intracellular portion of the receptor. 44 Phosphorylated tyrosine 985 recruits and activates the SHP2/ERK pathway; 45 54, 58 can each influence feeding behavior, leptin and, perhaps to a lesser extent, insulin, are the only humoral signals known to fulfill criteria set forth for an adiposity negative-feedback signal. Some studies have shown that the activity of leptin in the hypothalamus is enhanced by insulin, and vice versa implying the potential for both hormones to act upon a shared subset of neurons or signaling pathways. 39, 53, 59 More specifically, both the biological response to leptin, as determined by food intake suppression, as well as the transduction of its signal, measured as activation of phosphatidylinositol 3-kinase or STAT3, are significantly increased if leptin and insulin act together. 39 To the extent that the CNS effects of both hormones involve overlapping mechanisms, dysfunction of such shared pathways may cause resistance to both hormones and thereby predispose to obesity. 60 Although examples of this type of convergence exist, it is now clear that insulin and leptin have decidedly different effects on at least some neuronal subsets. For example, insulin appears to hyperpolarize a subset of hypothalamic pro-opiomelanocortin neurons in the arcuate nucleus, whereas leptin depolarizes them. 61 Indeed, Elmquist and colleagues have suggested that insulin and leptin act on entirely distinct subsets of pro-opiomelanocortin neurons. 62 Although the notion of convergent neuronal insulin and leptin signaling in energy homeostasis therefore remains somewhat speculative and controversial, a compelling case can be made that obesity-associated metabolic impairment causing insulin resistance also causes leptin resistance, and vice versa. Indeed, obesity induced by HF feeding is associated with neuronal resistance to the actions of both hormones.
Hypothalamic resistance to leptin and insulin and obesity pathogenesis
Shortly after leptin's discovery, its promise as an obesity therapeutic was undermined by evidence that the great majority of obese humans are hyperleptinemic, and that
Hypothalamic inflammation in obesity LA Velloso and MW Schwartz leptin administration fails to produce sustained body mass reduction in most cases. 63, 64 Indeed, exogenous leptin is currently employed therapeutically only for patients with rare loss-of-function mutations of the gene encoding leptin or with equally rare lipodystrophic disorders. 65 On the basis of the clinical parallel to hyperinsulinemia in type 2 diabetes mellitus, most obese humans are believed to be resistant to leptin. 66 However, reliable assays of leptin action in humans have yet to emerge, and definitive cellular evidence of leptin resistance in humans is still awaited. In experimental obesity, however, substantial progress has been made in both the characterization of and mechanisms underlying leptin and insulin resistance in the hypothalamus. 39, 67, 68 The leptin-induced reduction of spontaneous food intake in lean animals occurs during a time window of 2-12 h, causing a reduction of caloric intake of up to 50% during that time. 69 In obese animals, this anorexic effect is diminished varying degrees, depending on the background strain and mechanism underlying the obesity, 39 is typically associated with reduced adiposity, implicating a role for hypothalamic resistance to these hormones in obesity pathogenesis. Yet the question as to whether this leptin/insulin resistance is a cause or a result of obesity is complex and is only beginning to be answered. There is little question that genetic interventions that impair CNS insulin/leptin signaling predispose to obesity. 79, 80 Conversely, neuron-specific disruption of genes encoding proteins that terminate signaling by these hormonesFand are implicated as molecular mediators of leptin/ insulin resistance (for example, SOCS3)Fprotects against diet-induced obesity (DIO) in mouse models, 73 strengthening the hypothesis that impaired signaling by these hormones is required for obesity to occur. Combined with the observation that the hypothalamus becomes resistant to adipostatic hormone action relatively early in the course of HF feeding, 81 available data are suggestive of a causal role for hypothalamic leptin/insulin resistance in the genesis of at least some forms of obesity. What has been less clear is (1) how a change of diet impairs neuronal signaling by these hormones, (2) the identity of the affected neurons, andperhaps most perplexing-(3) how consumption of an HF diet leads to an apparently permanent increase in the defended level of body weight. That is, why does not a period of caloric restriction or switch to a low-fat diet return the defended level of body weight to its original, reduced value? Although this recovery of normal weight can occur in rodent models, it is clearly the exception in human obesity.
Mechanisms underlying hypothalamic resistance to leptin and insulin
Several molecular mechanisms have been identified with the potential to explain hypothalamic leptin and/or insulin resistance. Although these mechanisms are in some ways redundant, and more than one may be active in a given individual, each has the potential to independently impair leptin and/or insulin signaling (Figure 1 ), and several are directly linked to weight gain during HF feeding. Induction of SOCS3 expression following leptin receptor activation has a physiological role to limit both the magnitude and duration of the leptin signal, 82 and several observations implicate upregulation of hypothalamic SOCS3 expression in the pathogenesis of obesity-associated leptin resistance. SOCS3 belongs to the Suppressor of Cytokine Signaling family of proteins, and its expression can be induced both by leptin-mediated STAT3 transcriptional activity and by other mechanisms 73, 83 (see below). In most forms of both genetic and DIO, increased levels of SOCS3 can be detected in hypothalamic neurons, a response that in turn can blunt leptin's neuronal actions. Although the extent to which this response contributes to the development of common forms of obesity remains unresolved, 73 transient overexpression of SOCS3 clearly impairs leptin signal transduction and favors weight gain, while hypothalamic knockdown of this protein protects against DIO. 83, 84 Similarly, genetic 'knock-in' of a leptin receptor mutant that cannot bind SOCS3 results in mice that are protected against DIO.
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PTP1B is a phosphatase that, similar to SOCS3, is hypothesized to function as a physiological inhibitor of both leptin and insulin signal transduction, and similar to SOCS3, its expression is increased in the hypothalamus of obese rodents. 86, 87 By dephosphorylating both JAK2 and key insulin signal-transduction molecules, this enzyme terminates signaling by both leptin and insulin. 86, 88 As both hypothalamic knockout of the PTP1B gene and its inhibition by an antisense oligonuleotides protect against DIO, 86, 89, 90 obesity induced by HF feeding appears to require intact PTP1B function. Conversely, pro-opiomelanocortin neuron-specific deletion of PTP1B leads to reduced adiposity and increased energy expenditure through a leptindependent mechanism that depends, at least in part, on reduced AMP-activated protein kinase activity in the hypothalamus.
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These observations raise the fundamental question of how HF feeding increases hypothalamic SOCS3 and PTP1B activity in rodent models of DIO. In this context, much attention has recently focused on pathways of cellular inflammation. Just as it occurs in the liver, muscle or adipose tissue, overnutrition induced by HF feeding also activates inflammatory signaling pathways in mediobasal hypothalamus. One such mechanism involves c-Jun-Nterminal kinase (JNK), a serine/threonine kinase activated in response to numerous inflammatory and environmental factors. 94 In DIO, hypothalamic JNK activation is increased, whereas pharmacological inhibition of JNK activity restores intact hypothalamic leptin and insulin signal transduction and reduces weight gain. 74 In addition, JNK knockout increases insulin signal transduction in mouse hypothalamus. 95 Another key intracellular proinflammatory signal transducer is the serine kinase IKK, 96 which activates the transcription factor nuclear factor-kB in response to a wide array of microbial, chemical and immunological stimuli and produces a global increase of inflammatory transcriptional activity. 96 Recent data show that IKK is activated in the hypothalamus of obese rodents and that hypothalamic disruption of IKK expression protects mice against DIO. Conversely, induced expression and activation of IKK in the hypothalamus leads to both excessive weight gain and a state of hypothalamic leptin/insulin resistance. 97 Similarly, pharmacological inhibition of hypothalamic IKK improves hypothalamic insulin action and reduces food intake in rats. 98 Increased expression of the serine/threonine kinase protein kinase C-theta is another mechanism implicated in the impairment of adipostatic signaling in the hypothalamus of animals consuming an HF diet. 99 Activation of this enzyme can be induced by the long-chain saturated fatty acid palmitate, an effect that has been documented specifically in AgRP neurons in the hypothalamic arcuate nucleus. This response in turn impairs hypothalamic insulin action and predisposes to increased adiposity, whereas knockdown of protein kinase C-theta in discrete hypothalamic areas protects against DIO. 99 Taken together, emerging evidence suggests that multiple inflammatory responses are mounted in the hypothalamus during HF feeding, and that these responses are sufficient to explain, at least in part, both excess weight gain and associated hypothalamic resistance to adiposity signals.
Role of hypothalamic inflammation in leptin and insulin resistance
Clear evidence linking inflammation in peripheral tissues to insulin resistance in the setting of obesity and type 2 diabetes 100 led to speculation that hypothalamic resistance to adipostatic hormones might reflect an extension to the brain of responses to nutrient excess observed in peripheral Hypothalamic inflammation in obesity LA Velloso and MW Schwartz tissues. In adipose tissue, for example, obesity induced by HF feeding induces proinflammatory cytokine gene expression that in turn is associated with macrophage recruitment and activation. Soluble inflammatory factors produced in adipose and other tissues during HF feeding are hypothesized in turn to cause systemic inflammation and whole-body insulin resistance. According to this model, hypothalamic inflammation could arise as a consequence of systemic inflammation. Such a scenario, however, is inconsistent with evidence that hypothalamic induction of proinflammatory cytokines and associated hypothalamic insulin and leptin resistance precedes by many weeks the appearance of such responses in adipose tissue. 81 Hypothalamic responses to HF feeding, therefore, seem unlikely to be driven by systemic inflammation, raising the possibility that a direct mechanism mediates the hypothalamic response to nutrient excess during HF feeding. Should these effects occur early following the switch to an obesigenic diet, excess weight gain might arise, at least in part, as a consequence of impaired hypothalamic function. Consistent with this hypothesis is evidence that in rodent models, DIO is attenuated by local inhibition of any of several mechanisms underlying hypothalamic leptin/insulin resistance, as described above, [72] [73] [74] [75] 89, 97, 99 whereas food intake and adiposity increase in a manner that mimics HF feeding following hypothalamic overexpression of inducers of leptin/insulin resistance. 83, 95, 97 Similarly, low-grade hypothalamic inflammation induced by central administration of a very low dose of tumor necrosis factor-a can induce local resistance to leptin/insulin and modulate neurotransmitter expression toward an obesity-like pattern, 101 whereas hypothalamic administration of an antitumor necrosis factor-a monoclonal antibody reduces body mass gain and increases thermogenesis during HF feeding. 72 These findings add to growing evidence implicating hypothalamic inflammation in the genesis of local leptin/ insulin resistance, which in turn predisposes to obesity in animal models. Available evidence suggests that in most instances, obesity-associated hypothalamic inflammation develops before or in parallel with (and is not secondary to) systemic inflammation, although the mechanisms and cell types involved in this response remain poorly understood.
Mechanisms leading to hypothalamic inflammation in obesity
Of the various potential mechanisms underlying hypothalamic inflammation in the context of HF feeding, we highlight two here (Figure 2) . One of these involves the pattern recognition receptor, Toll-like receptor 4 (TLR4), a component of the innate immune system that in the CNS is expressed predominantly by microglia, the resident macrophage of the brain. 102 In rodent models of DIO, hypothalamic TLR4 expression and activity are increased leading to signal transduction through MyD88, 75, 103 an intracellular protein that couples TLR4 (or interleukin-1R) to intracellular inflammatory signaling cascades. Local activation of TLR4 during HF feeding can induce expression of inflammatory mediators, causing neuronal resistance to leptin and insulin. 75 The finding that TLR4 activation in brain can be induced by ICV infusion of long-chain saturated fatty acids 75 raises the possibility that dietary fat content might underlie hypothalamic TLR4 induction during HF feeding, although Figure 2 Depiction of cellular inflammation induced by either TLR4 activation or endoplasmic reticulum stress (blue lines). TLR4 activity is hypothesized to increase in response to long-chain fatty acids (red line). Induction of hypothalamic endolasmic reticulum stress involves mechanisms that remain poorly understood by may include direct activation by nutrients and/or activation through TLR4 (green lines).
Hypothalamic inflammation in obesity LA Velloso and MW Schwartz further study is required to assess the utility of centrally administered free fatty acids as a model of the CNS effects of HF feeding. Conversely, disruption of TLR4 or Myd88 signaling by genetic or immunological approaches reduces leptin/insulin resistance and can protect against DIO, 75, 103 suggesting that the above sequence of events may be required for obesity to occur during HF feeding. These observations also highlight the need for an improved understanding of interactions between neurons and microglia (as well as other glial cells) in the hypothalamus and elsewhere during HF feeding. Endoplasmic reticulum stress (ER stress) is a second cellular process that can cause inflammation during HF feeding. Correct folding of nascent proteins is essential for the maintenance of cell viability, 100 and when this process is compromised by any of a variety of infectious, chemical or metabolic factors, ER stress can result. 100 Recent studies implicate this phenomenon as a mechanism driving inflammatory gene transcription and hepatic insulin resistance in rodent models of obesity, 100 and a similar mechanism was recently reported in the hypothalamus, further highlighting similarities in the response of peripheral tissues and hypothalamus to nutrient excess during HF feeding. 75, 97 Similar to TLR4 activation, hypothalamic ER stress can also be induced by direct exposure to long-chain saturated fatty acids during ICV infusion, 75, 97 whereas inhibiting hypothalamic ER stress with a chemical chaperone protects against DIO. 97 Whether ER stress is a primary driver or secondary responder in the genesis of hypothalamic inflammation during HF feeding is uncertain. The finding that inhibition of TLR4 is sufficient to ameliorate ER stress in rodent models treated with either an HF diet or with ICV infusion of saturated fatty acids suggests that hypothalamic ER stress may lie downstream of TLR4 activation. 75 This possibility is further supported by evidence that inhibition of IKK (an enzyme that couples TLR4-MyD88 signaling to activation of nuclear factor-kB activation) in mice with DIO also reduces hypothalamic ER stress, although the reduction of food intake and body weight in this model confounds interpretation of causal relationships between these various mechanisms. 97 Thus, additional studies are needed to assess the relative importance of ER stress, activation of TLR4 and other as yet unidentified mechanisms involved in the genesis of hypothalamic inflammation during HF feeding, as well as to identify the cell types underlying these responses.
Hypothalamic parameters affected by DIO
Beyond the extent of weight gain during HF feeding, the impact on energy homeostasis can be measured by determining if the body weight 'set point' was increased. Of the two, the latter measure is a more important gauge of whether a 'fixed change' of underlying regulatory mechanisms has occurred. In some rodent studies, elevated body fat mass during HF is completely reversed by switching back to regular chow, whereas in others, the reversal is incomplete, and numerous factors most likely contribute to this variability. Yet the defended level of body adiposity appears to be permanently elevated in most obese humans, and a greater focus on this issue in preclinical studies is needed if its underlying pathophysiology is to be better understood. Although changes of hypothalamic neuropeptide gene expression have provided essential insight into the functional organization of the energy homeostasis system, a clear pattern linking such responses to obesity pathogenesis is still awaited. 54, 104 Changes in neuronal firing rate offer perhaps a more direct measure of altered hypothalamic function in obesity. Both leptin and insulin modulate synaptic release of neurotransmitters and neuropeptides by altering the firing of specific neuronal sub-populations of the hypothalamus. 62, 105, 106 Included among these are neurons whose membrane potential is regulated by adenosine triphosphate-sensitive-K þ channels, which are sensitive to both nutrient-and hormone-related inputs. The observation that expression of these channels is reduced in the hypothalamus of rats with DIO, and that this effect is associated with altered firing of hypothalamic neurons, 107, 108 offers an example of how obesity can fundamentally change neuronal function. Whether such changes contribute to obesity pathogenesis or are simply a consequence of pathological weight gain awaits further study. A growing number of studies have used genetic strategies to delete genes in distinct neuronal subsets and then assess the consequences for obesity susceptibility. Examples include mice lacking LepR or related signal-transduction molecules selectively in neurons of the hypothalamic arcuate nucleus or VMN, which have clear effects on body weight gain and susceptibility to DIO. 105, 109 Additionally, HF feeding increases apoptosis of hypothalamic neurons, 76 an outcome that appears more dependent on diet composition (for example, saturated fat content) than on caloric intake or weight gain per se. Another factor affecting neuronal apoptosis during HF feeding is genetic background, with increased neuronal apoptosis being observed in obesityprone strains. 76 How this phenomenon might be related to hypothalamic inflammation and obesity pathogenesis awaits further study, as does its relationship to hypothalamic neurogenesis, which has been reported following the death of specific neuronal subsets. 110, 111 An additional area of recent interest regarding the hypothalamic response to HF feeding involves changes in neuronal wiring and/or synaptic plasticity. As in other regions of the brain, hypothalamic neurons undergo continuous rewiring, 112, 113 and factors such as leptin, nutrients and age, among others, can influence this process. [113] [114] [115] [116] Not surprisingly, therefore, synaptic plasticity in key hypothalamic neuronal systems is reportedly altered during HF feeding. 113, 114 Along with neuronal apoptosis, this type of 'fixed' change in the organization of hypothalamic neurocircuits has the potential to explain not only how HF feeding
Hypothalamic inflammation in obesity LA Velloso and MW Schwartz raises the defended level of body fat mass in susceptible rodent strains, but also how this defense of elevated body fat mass persists even after the obese animal (or human) returns to a low-fat diet.
Concluding remarks
Although many brain systems participate in energy homeostasis, changes of hypothalamic function have important potential to participate in the genesis of experimental obesity. With continued progress in our understanding of obesity-associated changes in hypothalamic neurocircuits in animal models, translation of these findings to human hypothalamus should become possible. This work may ultimately inform new approaches to the treatment of one of the most prevalent and threatening diseases of modern societies.
